Introduction
Improvements in safety of lithium-ion and lithium batteries are very important to construct large-sized secondary batteries for electric vehicles and load leveling systems. Large-sized batteries have large amounts of electrolyte and active materials, anode and cathode.
Non-flammability of the electrolyte in the large-sized batteries is an important point for their safe operation. To decrease flammability of the electrolyte systems the fire-retardant reagents are added into them. Organic phosphorous compounds have been used as additives for their flame-retardant properties [1] . Some organic phosphorous compounds, tris(2,2,2-trifluoroethyl) phosphite [2] , trimethyl phosphite [3] , dimethyl methyl phosphonate [4, 5] , tributyl phosphate [6] , triphenyl phosphate [6] [7] [8] , tris(trifluoroethyl) phosphate [8] , and cresyl diphenyl phosphate [9] were used as solvents or additives into the liquid electrolytes for lithium-ion and lithium batteries. Addition of the organic phosphorous compounds provides non-flammability of the electrolytes and affects battery performance, discharge capacity, life time, and so on. Some of them tent to decrease the overall efficiency of the battery systems. 
Preparation of cross-linked electrolyte films by using cationic photo-initiator
The electrolyte films were prepared by photo-initiating cationic polymerization. We used diphenyliodonium hexafluorophosphate (DPIHFP, Tokyo Kasei) as a cationic photo-initiator. 
3. Fire retardant test of samples
Fire retardant test of the electrolyte films was performed with a Bunsen gas burner as an ignition source. A sample film (about 3 -5 mm square) picked up with a pair of tweezers was set on the gas flame of the burner. The distance between sample film and the top of the flame of the gas burner was 2 cm. The period for the sample ignition (T i ) was recorded. After the sample ignition, the ignition source was removed and the flame on the sample was timed until it self-extinguished.
4. Measurements
Infrared spectra of samples were recorded with an FTIR spectrophotometer (IRPresatge-21, Shimadzu). 1 H-NMR spectra of the oxetane monomer were obtained on an NMR spectrophotometer (EX-270, JEOL). XRD patterns of the composites films were recorded with an X-ray diffraction meter (XD-D1, Shimadzu, CuKα, λ=0.1542 nm). DSC measurements of the samples were preformed with a differential scanning calorimeter (DSC5100S, Bruker AXS); heating rate was 10 K min -1 .
Conductivity of the prepared electrolyte films was measured by using an LCR meter. An electrolyte film was sandwiched with two stainless steel plates (13 mm in diameter). Electrochemical characterization of the solid polymer electrolyte films was performed with polarization measurement of lithium electrode in the polymer electrolyte film. Detail cell configuration for electrochemical measurements was reported in our previous papers [21, 22] .
Electrochemical measurements were performed with a computer-controlled potentiogalvanostat (HZ-5000, Hokuto Denko) under Ar atmosphere (dew point was at 203 K) at 328 K.
Results and discussion

Fire retardant property of poly(oxetane)-based electrolyte films
Structure of the poly(oxetane)-based electrolyte films prepared from DPOX and DDOE was confirmed from FTIR spectra of the films. Disappearance of the peaks attributed to the oxetane structure was established, which indicates that the oxetane rings in the monomers are opened by the photo-initiator. The resulted electrolyte films were flexible and free-standing.
The XRD patterns of the poly(oxetane)-based films prepared from DPOX and DDOE with and without lithium salts had very broad peaks. The results suggest that the poly(oxetane)-based films are amorphous and the polymer matrixes can dissolve the lithium salts in themselves. The glass transition temperature (T g ) of the films is listed in Table 1 . The T g of (DPOX)1(DDOE)1 film (lithium salt-free film) is 248 K. Addition of LiBF 4 in the film elevated the T g of the film to 277K. Addition of LiTFSI did not increase the T g of the matrix, considerably. Thus, anion of lithium salt will affect the mobility of polymer chains in the oxetane-based matrix.
Flammability of the DPOX-based electrolyte film was compared with that of the DDOE-based film without DPOX, P(DDOE). The P(DDOE) film was prepared from DDOE (cross-linker) and DPIHFP (photo-initiator). Fig. 2 (a) shows the P(DDOE) film on the flame of the gas burner (the ignition source). After 4 s later, the sample ignited as shown Fig. 2 (b) ,
Removing the ignition source did not affect the combustion status of the P(DDOE) film. After 10 s later, the P(DDOE) film burned away as shown in Fig 2 (c) . The results suggest that the P(DDOE) film is flammable and not self-extinguishable.
The similar flammability test was applied to the (DPOX)1(DDOE)1(LiBF 4 )1 film. Fig. 2 (d) shows the (DPOX)1(DDOE)1(LiBF 4 )1 film on the flame of the ignition source. After 60 s later, the sample ignited as shown Fig. 2 (e) , T i = 60 s. After removing the ignition source the flame on the film was immediately disappeared as shown in Fig 2 (f) . This suggested that the (DPOX)1(DDOE)1(LiBF 4 )1film is self-extinguishable. Char layer (containing carbonaceous compounds) was found on the surface of the self-extinguished film as shown in Fig. 2 (f) . The self-extinguishable property of the (DPOX)1(DDOE)1(LiBF 4 )1 is induced by the char production as similar fire-retardant mechanism of the organic phosphorous compounds [1] .
Other cross-linked DPOX-and DDOE-based electrolytes with LiTFSI and without lithium salt also show similar fire retardant behavior and self-extinguishable property. The DPOX-based films have fire-retardant and self-extinguishable properties based on the DPOX unit with the alkyl phosphate group.
Conductivity of poly(oxetane)-based electrolyte films
Temperature dependence of conductivity for poly(oxetane)-based electrolyte films are shown in Fig. 3 . Conductivity of the lithium salt-free film (open triangle in Fig. 3 ) was 0.49 μS cm -1 at 353 K. The charge carriers in the lithium ion-free film are produced by decomposition of the photo-initiator, DPIHFP. The estimated charge carriers from DPIHFP and its photo-reacted products are PF 6 anion, diphenyliodonium cation, phenyliodonium cation, and so on [23, 24] . Conductivity of the electrolyte films with lithium salt is one to three orders of magnitude higher than that of the lithium ion-free film. Conductivity at 353 K of the (DPOX)1(DDOE)1(LiX)n was 5.15 μS cm -1 (X = BF 4 , n=1) and 56.1 μS cm -1 (X = TFSI. n=1), and 0.122 mS cm -1 (X = TFSI. n=2). The temperature dependence curves of conductivity for the electrolyte films are slightly convex. The curves are best fitted to an expression of the equation (1):
where σ is conductivity, Α is pre-exponential factor, which is proportional to the number of charge carriers, B is estimated activation energy for conduction, R is gas constant, T is absolute temperature, and T 0 is normally called the equilibrium glass-transition temperature [25, 26] . T 0 is set for 50K lower than T g . Fig. 4 shows the VTF plots for the electrolyte films and the lithium salt-free film. All plots show the linear relationships. The estimated parameters, Α and B, are listed in Table 2 . The estimated activation energy of the lithium salt-free film is 7.14 kJ mol -1 (0.074 eV). The A value of the film is 0.003 Scm in the poly(oxetane)-based electrolyte films [21, 22] . However, the polarization curves of lithium electrode in the DPOX-based electrolyte film gave asymmetrical forms, which is fairy different from those observed in liquid electrolytes [30] . The cathodic limiting current of lithium in (DPOX)1(DDOE)1(LiTFSI)2 electrolyte was much lower than that for anodic polarization and for cathodic polarization in (DPOX)1(DDOE)1(LiTFSI)1 electrolyte film. 
